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Abstract
Dark matter self-interactions can affect the small scale structure of the Universe, reducing the central
densities of dwarfs and low surface brightness galaxies in accord with observations. From a particle physics
point of view, this points toward the existence of a 1 − 100 MeV particle in the dark sector that mediates
self-interactions. Since mediator particles will generically couple to the Standard Model, direct detection
experiments provide sensitive probes of self-interacting dark matter. We consider three minimal mecha-
nisms for coupling the dark and visible sectors: photon kinetic mixing, Z boson mass mixing, and the
Higgs portal. Self-interacting dark matter motivates a new benchmark paradigm for direct detection via
momentum-dependent interactions, and ton-scale experiments will cover astrophysically motivated param-
eter regimes that are unconstrained by current limits. Direct detection is a complementary avenue to con-
strain velocity-dependent self-interactions that evade astrophysical bounds from larger scales, such as those
from the Bullet Cluster.
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I. INTRODUCTION
Dark and visible matter have very different distributions in the Universe: dark matter (DM)
forms diffuse halos (e.g., observed via graviational lensing maps), while visible matter undergoes
dissipative dynamics and tends to clump into galaxies and stars. However, this does not preclude
the possibility of new dark sector interactions beyond the usual collisionless DM paradigm. DM
could have a large cross section for scattering with other DM particles and this scenario, dubbed
self-interacting DM (SIDM) [1, 2], can affect the internal structure (mass profile and shape) of DM
halos compared to collisionless DM. In turn, astrophysical observations of structure, compared to
numerical N-body simulations, can probe the self-interacting nature of DM.1 It is worth empha-
sizing that tests of self-interactions can shed light on the nature of DM even if DM is completely
decoupled with respect to traditional DM searches.
In fact, there are long-standing issues on small scales that may point toward SIDM. Dwarf
galaxies are natural DM laboratories since in these galaxies DM tends to dominate baryons inside
the optical radius. Observations indicate that the central regions of well-resolved dwarf galaxies
exhibit cored profiles [4, 5], as opposed to steeper cusp profiles found in collisionless DM-only
simulations [6]. Cored profiles have been inferred in a variety of dwarf halos, including within the
Milky Way (MW) [7], other nearby dwarfs [8] and low surface brightness galaxies [9]. An addi-
tional problem concerns the number of massive dwarf spheroidals in the MW. Collisionless DM
simulations have a population of subhalos in MW-like halos that are too massive to host any of the
known dwarf spheriodals but whose star formation should not have been suppressed by ultraviolet
feedback [10]. While these apparent anomalies are not yet conclusive – e.g., baryonic feedback
effects may be important [11, 12] – recent state-of-the-art SIDM N-body simulations have shown
that self-interactions can modify the properties of dwarf halos to be in accord with observations,
without spoiling the success of collisionless DM on larger scales and being consistent with halo
shape and Bullet Cluster bounds [13–16].
The figure of merit for DM self-interactions is cross section per unit DM mass, σ/mX , where
X is the DM particle. To have an observable effect on DM halos over cosmological timescales,
the cross section per unit mass must be of order
σ/mχ ∼ 1 cm2/g ≈ 2× 10−24 cm2/GeV (1)
or larger. From a particle physics perspective, this value is many orders of magnitude larger than
expected from weak-scale physics. For a typical weakly-interacting massive particle (WIMP), the
cross section is σ∼10−36 cm2 and the mass is mX ∼ 100 GeV, giving σ/mX ∼ 10−38 cm2/GeV.
Evidence for self-interactions would therefore point toward a new dark mediator particle φ that
is much lighter than the weak scale, typically mφ ∼ 1 − 100 MeV [17]. Light mediators have
been widely studied within many different contexts, e.g., hidden sector models [18], light DM
models [19, 20], Sommerfeld-enhanced models for indirect detection signals [21, 22], and in con-
nection with supersymmetry and the WIMP miracle [23–26]. The light force carrier can be probed
by low energy experiments with high luminosities [27–35]. The effect of self-interactions can also
be searched through various other astrophysical observations e.g. [3, 36–49].
Astrophysical tests of self-interactions can probe DM that is decoupled from the Standard
Model (SM). However, the dark and visible sectors are likely not to be completely decoupled.
1 Here we assume a single DM component with nondissipative self-interactions. It is possible for a subdominant
fraction of DM to interact via dissipative processes [3].
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FIG. 1: Feynman diagrams arising from DM particleX coupled to a dark force mediator φ. Self-interactions
modify DM halos, while annihilation can give the observed DM relic density. Direct detection experiments
are highly sensitive to potential couplings of φ to SM fermions f , which allow decays φ→ ff¯ before BBN.
φ particles in the early Universe must decay, otherwise they over-produce dominate DM. Unless
additional states are introduced, φ must decay to SM particles. These decay products — typically
electrons, positrons, photons, and neutrinos — must not spoil the light element abundances pre-
dicted by Big Bang Nucleosynthesis (BBN) and or produce too much entropy. This requires a φ
lifetime less than ∼ 1 second, although this can be relaxed slightly as we discuss later.
In this paper, we study the reach for DM direct detection experiments to probe SIDM. We
consider different scenarios for how φ might couple to SM fermions by mixing with the photon,
Z or Higgs bosons, depending on the spin of φ. Since BBN constraints give a lower bound on
φ couplings to the SM, this defines a minimum value for the direct detection cross section. As
we show, the predicted SIDM direct detection range lies within the sensitivity reach of upcoming
experiments such as XENON1T [50], LUX [51], and SuperCDMS [52], although the quantitative
details are model dependent. The essential physics is summarized in Fig. 1. Both self-interactions
and direct detection arise through the same light mediator φ, which can also provide an annihilation
channel for setting the DM relic density.
Direct detection searches for SIDM are highly complementary to other astrophysical probes.
For nuclear recoils, direct detection experiments are sensitive to DM masses mX & 10 GeV due
to threshold limitations. In this mass range, the self-interaction cross section tends to be more
velocity-dependent, becoming suppressed at higher velocity (like Rutherford scattering) [17]. In
this case, DM can become effectively collisionless within larger DM halos, which have larger
characteristic velocities. Tests for self-interactions within large DM halos, such as in merging
clusters [53, 54] or halo shape observables [55], are most sensitive to DM masses mX . 10 GeV
where the self-interaction cross section tends to be more velocity-independent. We also note that
direct detection experiments can also probe low mass SIDM as well, via electron recoils [56, 57],
although the effective reach in couplings is much reduced compared to nuclear recoils.
In the remainder of this work, we first present simple particle physics models for SIDM in
Sec. II. Then we discuss different portals for how the dark and visible sectors may be coupled in
Sec. IV. We present our results in Sec. V, showing how direct detection and other constraints map
onto SIDM parameter space. Lastly, we conclude in Sec. VI.
II. PARTICLE PHYSICS OF SELF-INTERACTING DARKMATTER
As a minimal model for SIDM, we consider DM X to be a Dirac fermion which is coupled
to a mediator particle φ. X is assumed to be a SM gauge singlet with no direct coupling to SM
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particles. We take φ to be either a real vector or scalar, with an interaction given by
Lint =
{
gXX¯γ
µXφµ vector mediator
gXX¯Xφ scalar mediator
(2)
where gX is a coupling constant. That is, the mediator φ is the dark sector counterpart of force
particles in the SM, analogous to a Z or Higgs boson.
Nonrelativistic DM self-scattering, shown in Fig. 1, can be described a Yukawa potential [55,
58, 59]
V (r) = ±αX
r
e−mφr , (3)
with + (−) sign for an repulsive (attractive) interaction. For the scalar φ case, DM scattering is
purely attractive. For the vector φ case, XX or X¯X¯ scattering is repulsive, while XX¯ is attrac-
tive. Other types of interactions give rise to more complicated potentials [60, 61], which we do not
consider. The differential scattering cross section dσ/dΩ can be computed numerically through
a standard partial wave analysis by solving the Schro¨dinger equation with V (r) for the DM two-
body wavefunction; see Ref. [17] for details. This method takes into account nonperturbative ef-
fects via multiple scatterings, analogous the the Sommerfeld enhancement for annihilation, which
become important when the Born approximation breaks down for αXmX/mφ & 1. In the nonper-
turbative regime, DM self-scattering has a rich structure, including possible quantum mechanical
resonances through bound state formation [62].
To compare with results from numerical N-body simulations of SIDM, we consider 〈σT 〉 as
a suitable proxy for the self-interaction cross section σ entering into halo observables. Here, the
transfer cross section is defined by σT ≡
∫
dΩ (1−cos θ) dσ/dΩ, where (1−cos θ) is the fractional
longitudinal momentum transfer for scattering angle θ. Moreover, we average σT over the initial
DM velocities ~v1,2 by
〈σT 〉 =
∫
d3v1d
3v2
(piv20)
3
e−v
2
1/v
2
0 e−v
2
2/v
2
0 σT (|~v1 − ~v2|) =
∫
d3v
(2piv20)
3/2
e−
1
2
v2/v20 σT (v) , (4)
where v0 is the most probable velocity for a given halo and v = |~v1 − ~v2| is the relative velocity.
We choose v0 to be characteristic of different size halos, with larger halos having bigger v0. The
point is that dσ/dΩ has a complicated dependence on both v and θ in general, and by considering
〈σT 〉, we are averaging over these dependencies in a physically meaningful way to obtain a single
effective self-interaction cross section σ for a given halo.2
Aside from self-interactions, the mediator φ can play an important role in setting the DM relic
density in the early Universe via XX¯ → φφ, shown in Fig. 1. The annihilation cross section is (at
the Born level)
(σv)ann ≈ piα
2
X
m2X
×
{
1 vector mediator
3v2/8 scalar mediator
(5)
at lowest order in v and mφ. Annihilation is s-wave for a vector mediator and p-wave for a scalar
mediator. For symmetric DM, where X and X¯ are populated equally in the early Universe, the
2 In principle, since numerical simulations follow the trajectories and velocities of each “particle,” these dependencies
can be straight-forwardly accounted for. However, SIDM simulations thus far have been restricted to cross sections
with a v-dependence that is either constant [14, 15] or motivated within the classical limit (mXv/mφ  1) [13, 16]
and with isotropic angular dependence.
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relic density is determined by standard freeze-out, requiring a thermally-averaged cross section
〈σv〉ann ≈ 6× 10−26 cm3/s. Using Eq. (5), the DM relic density is
Ωdm ∼ 0.2×
(
6× 10−26 cm3/s
〈σv〉ann
)
∼ 0.2×
( αX
10−2
)−2
×
{
(mX/300 GeV)
2 vector
(mX/100 GeV)
2 scalar
, (6)
where we have set 〈v2〉 = 6T/mX ∼ 0.3 for p-wave annihilation. Eq. (6) demonstrates that SIDM
keeps the virtues of WIMP miracle intact, with weak-scale mass mX and coupling αX giving the
observed value Ωdm ∼ 0.2. DM masses below the weak scale are also allowed provided the ratio
αX/mX remains fixed [23].
Alternately, DM may be asymmetric, such that X and X¯ are populated unequally in the early
Universe due to a primordial X-number asymmetry [63–65]. In this case, annihilation still plays
a crucial role for depleting the symmetric density of X and X¯ , leaving behind the residual asym-
metric component composed of X only. The annihilation cross section is required to be larger
than for thermal freeze-out, 〈σv〉ann > 6 × 10−26 cm3/s. Conversely, for fixed αX , this gives an
upper bound on mX above which annihilation is insufficient to avoid overclosing the Universe.
Since the mediator mass is light, the Born annihilation cross section is modified by a Sommerfeld
enhancement. We include the Sommerfeld enhancement in our calculation of the DM relic den-
sity [66]. Sommerfeld enhancement provides an O(1) correction to the ratio αX/mX required by
relic density for mX & 100 GeV, but has virtually no impact for smaller mX (see Ref. [17]).
III. COSMOLOGY OF LIGHT MEDIATORS
The presence of the light mediator φ in the early Universe has important consequences. If it is
stable, its comoving number density is
Yφ ' 0.208gφξ
3
g∗s
∼ 7× 10−2ξ3, (7)
where we set the internal degrees of freedom of the mediator gφ = 3, the entropy degrees of
freedom g∗s = 10, and ξ is the temperature ratio of the dark sector to the SM. Compared to the
baryon number density YB ∼ 10−10, we see that φ can easily dominate the energy of the Universe
if it is stable. One option to reduce the φ energy density is to make the dark sector very cold. From
Eq. 7, one would expect that Yφ becomes negligible if ξ . 10−3(10 MeV/mφ)1/3. However, ξ
can not be arbitrary small because DM particles have to be populated in the hidden sector thermal
bath, which leads to a lower bound ξ & 10−3 (g∗s1 GeV/mX)1/3.
To evade the overclosure problem, we assume that φ is not stable and decays to SM particles.
There are many cosmological constraints on the late decay of the mediator particle. Since the
mediator has a mass in the range of 1 − 100 MeV, its decay products are electrons, positrons and
neutrinos. The energy injection from decay products (if lifetime is larger than about a second)
may change the BBN light element abundances in a manner inconsistent with observations. For
example, for a 100 GeV mass particle decaying to electromagnetic final states, the BBN constraint
on the lifetime is . 104 s [67]. However, it should be noted that for mφ below the 4He binding
energy, the effect on BBN abundances will be restricted to destruction of deuterium and lithium
isotopes and a reconsideration of the effect of energy injection in this regime with 1 − 100 MeV
mass decaying particle is warranted.
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The decays also lead to an increase in the entropy and this change can be estimated as [68]
Sf − Si
Si
' g1/4∗
mφYφτ
1/2
φ
mpl
∼ 0.4ξ3
( mφ
10 MeV
)( τφ
1 s
)1/2
, (8)
where Si (Sf ) is the total entropy before (after) φ decays, and τφ is the lifetime of φ. In deriving
Eq. 8, we have assumed radiation dominates the energy density before φ decays, which is valid if
TD > 0.7 MeV (mφ/10 MeV)ξ
3 with TD as the temperature when φ decays. This condition can
be satisfied in our model parameter space.
If the decay occurs after BBN with τφ & 1 s, entropy production has to be less than ∼ 10%
(assuming no change to light element abundances due to it) because the precision measurements
of the baryon density through BBN and CMB observations match very well [69]. Therefore, the
absence of significant entropy production after BBN will put a strong bound on the lifetime τφ and
the temperature ratio ξ. If the mediator decays before BBN, entropy production constraints are
non-existent.
We do not undertake a detailed study of the BBN and entropy production constraints but simply
note that τφ = 1 s is safe from such constraints if ξ ∼ 0.3−1 depending on the mediator mass. We
therefore adopt this value of τφ as a benchmark to set the coupling between φ and the SM particles,
and estimate the direct detection cross section based on it. A smaller value of τφ (at fixed ξ) will
lead to a stronger signal in direct detection experiments.
For the simplicity, we will present our results based on ξ = 1, which can be extended to other
cases by simple rescaling. Since the DM annihilation cross section scales as ξ to obtain the correct
relic density [18], αX is proportional to ξ1/2 at fixed mX . This implies that the lower bound on the
symmetric SIDM mass from the CMB weakens by a factor of ξ. To keep the same self-scattering
cross section, the mediator mass scales as ξ1/4, ξ1/2 and ξ0.1 in the Born, resonant and strongly-
coupled classical regimes, respectively. Therefore, the direct detection cross section in the limit of
zero momentum transfer (q2 = 0) scales as ξ−1/2, ξ−3/2 and ξ0.1 in the Born, resonant and classical
regimes, respectively. For momentum transfer q  mφ (see Eq. (21)), the direct detection cross
section scales as ξ1/2. Since the favored ξ is in the range of 0.3− 1, these are allO(1) corrections.
IV. PORTALS FOR LIGHT MEDIATORS
In this section, we discuss three minimal ways that the dark mediator φ may be coupled to
the SM. Depending on its spin, φ can mix with photon or Z boson if it is a vector, or it can mix
with the Higgs boson if it is a scalar. This mixing allows φ particles, produced thermally in the
early Universe, to decay. That these decays do not affect BBN and dilute the baryon density puts
a constraint on the mixing parameter, which in turn provides a lower bound on the DM direct
detection cross section.
A. Vector mediator case: photon and Z mixing
Since gauge symmetries exist in the visible sector, it is natural to speculate that they may be
present in the dark sector as well. The simplest example is a U(1)X symmetry under which DM is
charged, with φ being the corresponding vector boson. We assume that the U(1)X is spontaneously
broken, say by a dark Higgs, to generate a mass mφ. (The massless case has also been discussed
in Refs. [70, 71].)
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If there exist particles that are charged under both the U(1)X and the SM SU(2)L × U(1)Y
gauge symmetries, this leads to mixing between φ and the photon γ or Z boson. The most relevant
interactions are
Lmixing =
εγ
2
φµνF
µν + δm2 φµZ
µ (9)
where φµν ≡ ∂µφν − ∂νφµ is the U(1)X field strength. The first term corresponds to photon
kinetic mixing [72], which has been widely studied as a DM portal [21, 22, 73, 74] and in dark
photon searches [28]. The second term corresponds to mass mixing with the Z [75, 76]. This term
explicitly breaks gauge invariance, but can arise via higher-dimensional operators with additional
Higgs and dark Higgs insertions. Defining εZ ≡ δm2/m2Z , we work in the limit of small mixing
parameters, εγ,Z  1.
At O(εγ,Z), mixing via Eq. (9) induces a coupling of φ to SM fermions, given by
Lint =
(
εγeJ
µ
em + εZ
g2
cW
JµNC
)
φµ , (10)
where the electromagnetic and weak neutral currents are, respectively,
Jµem =
∑
f
Qf f¯γ
µf , JµNC =
∑
f
f¯γµ(T3fPL −Qfs2W )f , (11)
Here, g2 is the SU(2)L coupling, θW is the weak mixing angle (with sW ≡ sin θW and cW ≡
cos θW ), and Qf and T3f denote the charge (in units of e) and weak isospin for SM fermion f .
The decay rate for φ can be straightforwardly computed from Eq. (10). Since mφ ∼ 1 − 100
MeV is typically preferred by solving small scale structure anomalies with SIDM, only e+e−, νν¯,
and photon final states are allowed. For kinetic mixing, decay is dominated by φ → e+e−, with
decay rate and lifetime
Γφ =
αemmφε
2
γ
3
⇒ τφ ≈ 3 seconds×
( εγ
10−10
)−2 ( mφ
10 MeV
)−1
, (12)
where αem is the electromagnetic fine structure constant. For Z mixing, neutrino final states
dominate since there are three families and also the electron’s weak vector charge is suppressed.
The total decay rate and lifetime are
Γφ =
αemmφε
2
Z(1− s2W + 2s4W )
6s2W c
2
W
⇒ τφ ≈ 1 second×
( εZ
10−10
)−2 ( mφ
10 MeV
)−1
, (13)
and the branching ratios are BR(φ → νν¯) ≈ 6/7 and BR(φ → e+e−) ≈ 1/7. Ensuring that
decays φ → e+e− do not occur after BBN requires a lifetime 1/Γφ . 1 second. Therefore, the
mixing parameters are constrained to be γ,Z & 10−10 ×
√
10 MeV/mφ [20].
The upper bound from the low energy beam dump experiments is εγ . 10−7 for mφ .
400 MeV [28], while the region 10−10 . εγ . 10−7 is excluded for mφ . 100 MeV by energy
loss arguments in supernovae [77] (although this constraint depends sensitively on assumptions
about the temperature and size of the supernova core).
Next, we discuss direct detection. Given Eq. (10), direct detection signals arise from DM
scattering on nuclei via φ exchange, shown in Fig. 1. In general, we can parametrize the coupling
of φ to protons (p) and neutrons (n) as
Lint = eφµ
(
εpp¯γ
µp+ εnn¯γ
µn
)
, (14)
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where εp,n are the effective nucleon couplings (in units of e). For kinetic mixing or Z mixing, they
are given by
εp = εγ +
εZ
4sW cW
(1− 4s2W ) ≈ εγ + 0.05εZ , εn = −
εZ
4sW cW
≈ −0.6εZ . (15)
That is, kinetic mixing couples φ to protons only, since only protons carry electric charge, while
Z mixing couples φ mainly to neutrons, since the weak charge of the proton is (1 − 4s2W )  1.
For arbitrary εγ,Z , this scenario is maximally isospin-violating in the sense that any ratio of εp/εn
is allowed [78]. For a given nucleus N with proton number Z and mass number A, the spin
independent cross section is, in the limit of zero momentum transfer (q2 = 0),
σSIXN =
16piαemαXµ
2
XN
m4φ
(
εpZ + εn(A− Z)
)2
, (16)
where µXN = mXmN/(mX +mN) is the DM-nucleus reduced mass.
Cosmological constraints imply that the SIDM direct detection cross section may be within the
reach of present or future searches. For kinetic mixing, the SI cross section on protons is
σSIXp ≈ 1.5× 10−24 cm2 × ε2γ ×
( αX
10−2
)( mφ
30 MeV
)−4
, (17)
while for Z mixing, the SI cross section on neutrons is
σSIXn ≈ 5× 10−25 cm2 × ε2Z ×
( αX
10−2
)( mφ
30 MeV
)−4
. (18)
If we take εγ,Z & 10−10 as a lower bound from BBN, the predicted SI cross section per nucleon
is predicted to be greater than ∼ 10−45 − 10−44 cm2, which is in the reach of direct detection
experiments.
For SIDM, the typical mediator mass is mφ ∼ 1− 100 MeV, which is comparable or less than
the typical momentum transfer q ∼ 50 MeV in nuclear recoils. Therefore, unlike typical WIMPs,
nuclear recoil interactions for SIDM are momentum-dependent and cannot be approximated by a
contact interaction [79–81]. The differential recoil rate per target nucleus is
dR
dER
=
ρDM
mX
∫
vmin
d3v v f(~v)
dσSIXN(v, ER)
dER
(19)
=
ρDM
mX
∫
vmin
d3v v f(~v)
(
dσSIXN(v, ER)
dER
)
q2=0
× m
4
φ
(m2φ + q
2)2
, (20)
where ER is the nuclear recoil energy, vmin =
√
mNER/2µ2XN is the minimum DM velocity for
a given ER, f(~v) is the local DM velocity distribution, and ρDM is the local DM density. The
last term in Eq. (20) shows how the momentum transfer, given by q =
√
2mNER, provides a
suppression of the recoil rate compared to taking q2 = 0 assumed by a contact interaction. Clearly
lighter target nuclei and lower thresholds are favorable for detecting SIDM.
Since cross section limits quoted by the experimental collaborations assume a contact interac-
tion, one must perform a reanalysis of experimental data to derive constraints on SIDM. Ref. [81]
performed such an analysis for the kinetic mixing model we consider for several light mediator
masses (mφ = 0, 10, and 30 MeV), although not within an SIDM context. In the present work,
8
we account for this suppression effect in a simplified manner by multiplying the total q2 = 0 cross
section by a q2-dependent form factor:
σSIXN(q
2) = σSIXN(q
2 = 0)× m
4
φ
(m2φ + q
2)2
. (21)
We take a fixed value of q, corresponding to a typical momentum transfer for a given experiment.
We assume that the experimentally quoted cross section limits apply directly to Eq. (21), and
then we extract what are the constraints on the particle physics parameters. We defer a complete
reanalysis over the whole range of mφ for SIDM to future work. However, we find that this
simple prescription is able to reproduce the XENON100 and CDMS reanalysis in Ref. [81], for an
appropriate choice of q, with little dependence on astrophysical halo properties considered therein.
It is also useful to consider the direct detection cross section for DM scattering on electrons,
which was proposed as an avenue for detecting sub-GeV DM [56, 57]. The SI cross section is
σSIXe =
16piαemαXµ
2
Xeε
2
γ
m4φ
≈ 4× 10−29 cm2 × ε2γ ×
( αX
10−2
)( mφ
10 MeV
)−4
. (22)
Scattering on electrons is mainly sensitive to εγ , while the εZ term is suppressed by the electron
weak charge and we have neglected it in Eq. (22). Current sensitivities from XENON10 at the level
of σSIXe ∼ 10−38 cm2 for sub-GeV mass DM therefore probe this scenario down to εγ ∼ 10−4 [57].
Lastly, we discuss indirect detection. If the DM density is symmetric, i.e., populated by bothX
and X¯ , then XX¯ → φφ annihilation, with φ decaying to SM states, can provide visible astrophys-
ical signals. Observations of the ionization history of the Universe from the cosmic microwave
background (CMB) constrain DM annihilation during recombination [82, 83], in particular the
process XX¯ → φφ → e+e−e+e−. A recent analysis combining several cosmological datasets
found mX > 30 GeV for 〈σv〉ann fixed by relic abundance and if BR(φ→ e+e−) = 1 [84, 85], as
in the case of kinetic mixing. Implications for indirect detection searches (e.g., Fermi and AMS-2)
are also important and will be considered elsewhere [86]. On the other hand, in the case of Z
mixing, these limits are weakened by a factor of ∼ 7 since φ predominantly decays to neutrinos.
In this scenario, DM capture and annihilation in the sun may provide neutrino-rich signals that
may be observed by IceCube. Indirect detection signals from DM annihilation are not present if
DM is asymmetric.
B. Scalar mediator case: Higgs mixing
If the dark mediator φ is a scalar, the leading renormalizable couplings to SM particles arise
through the Higgs portal [87–97]. Assuming φ is a real scalar singlet, the relevant terms in the
scalar potential are
V (H,φ) ⊃ (aφ+ bφ2)|H|2 (23)
where H is the Higgs doublet and a, b are coupling constants. After electroweak symmetry break-
ing, mixing arises between φ and the physical Higgs boson h due to the Higgs vacuum expectation
value (vev) v ≈ 246 GeV. In the limit a,mφ  v,mh, this mixing angle is εh ≈ av/m2h. This
generates an effective φ coupling to SM fermions
Lint = −mfεh
v
f¯fφ . (24)
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For mφ ∼ 1 − 100 MeV, the dominant decay channel is φ → e+e−, while φ → γγ is highly
suppressed.3 The decay rate and lifetime for φ are
Γφ =
ε2hm
2
emφ
8piv2
⇒ τφ ≈ 4 seconds×
( εh
10−5
)−2 ( mφ
10 MeV
)−1
. (25)
Therefore, having φ decay before BBN implies that εh & 10−5.
Coupling the Higgs to the dark sector can lead to invisible Higgs decays. The a term allows
for h → XX¯ , provided mX < mh/2, while the b term allows for h → φφ (with φ escaping
the detector as missing energy before decay). Assuming an otherwise SM-like Higgs boson, the
resulting invisible partial widths are
Γ(h→ XX¯) = αXε
2
hmh
2
(
1− 4m
2
X
m2h
)3/2
, Γ(h→ φφ) = b
2v2
8pimh
. (26)
The latter channel is utterly negligible if we require no fine-tuning in the φ mass, such that the
vev-induced mass, bv2, is smaller than m2φ. If |b|v2 . m2φ, then Br(h → φφ) . 10−10 ×
(mφ/100 MeV)
4. On the other hand, h → XX¯ can be phenomenologically relevant for the
LHC. Invisible Higgs branching ratios larger than 10% (1%) can be achieved for αXε2h & 10−5
(10−6). For mX & 10 GeV, direct detection constraints strongly exclude such values (see below),
but for lighter DM masses this remains an open possibility and is one of the few ways that the
LHC can probe SIDM.
For direct detection, the SI cross section is given by Eq. (16) with
εp,n =
mp,nεh
ev
(
1− 7
9
f
(p,n)
TG
)
≈ 3× 10−3 × εh , (27)
where we take f (p,n)TG ≈ 0.943 for the gluon hadronic matrix element [94]. As opposed to the vector
case, SI scattering is isospin-conserving, with equal cross sections for scattering on protons and
neutrons, given by
σSIXp ≈ 2× 10−29 cm2 × ε2h ×
( αX
10−2
)( mφ
30 MeV
)−4
. (28)
Since decays before BBN requires εh & 10−5, this scenario is strongly excluded by current direct
detection bounds for mX & 10 GeV. As opposed to the vector mediator case, where quark and
lepton couplings are universal, the scalar mediator case is comparatively more constrained by
direct detection due to the larger couplings to quarks compared to electrons.
V. SIDMMODELS FOR DIRECT DETECTION
Direct detection plays a complementary role to astrophysical observables in constraining
SIDM. Our main results, presented in Figs. 2 and 3, map out the entire parameter space for
3 For the Higgs boson of mass mh ≈ 125 GeV, the branching ratio to γγ is much larger than to e+e−, with BR(h→
γγ) ≈ 2 × 10−3 and BR(h → e+e−) ≈ 5 × 10−9. However, a similar conclusion does not hold for φ due to
its much smaller mass entering the γγ loop amplitude. The second and third generation fermion loop amplitudes
accidentally cancel the W boson loop amplitude to ∼ 1%, and therefore the contribution from first generation
fermion loops is crucial, including hadronic effects for quarks, which is beyond the scope of this paper.
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different benchmark scenarios and highlight the crucial importance of direct detection experi-
ments, especially upcoming searches, for SIDM. For illustrative purposes, we focus on limits from
XENON100 [98], as well as projected limits for XENON1T [50], although other experiments such
as LUX [51] and SuperCDMS [52] will also be important.
In Fig. 2, we consider four benchmark SIDM models, corresponding to different scenarios with
symmetric or asymmetric DM, vector or scalar mediators φ, and different portals for coupling φ
to the SM. First, we summarize the different observables we consider for constraining SIDM:
• Self-interactions within dwarf halos can modify the DM distribution in line with observa-
tions for σ/mX ∼ 1 cm2/g [13–16]. The shaded bands in Figs. 2 and 3 show where these
anomalies are ameliorated within a generous range, 0.1 . σ/mX . 10 cm2/s. We assume
a characteristic dwarf velocity v0 = 30 km/s as a compromise between smaller MW dwarf
spheroidals (v0 ∼ 10 km/s) and larger low surface brightness galaxies (v0 ∼ 100 km/s).
• The ellipticity of the inner regions of DM halos, from elliptical galaxies to clusters of galax-
ies, suggests that σ/mX . 1 cm2/s on these scales [15]. Of these, elliptical galaxies
provide in principle the best constraint for velocity-dependent self-interaction cross sections
due to the smaller relative velocity. Based on SIDM-only simulations (no baryons), NGC
720 seems to be inconsistent with σ/mX & 1 cm2/s [15] and analyses of more ellipti-
cal galaxies could solidify this conclusion. Based on this expectation, the red dot-dashed
contour (labeled “Halo shapes”) indicates the approximate upper bound σ/mX = 1 cm2/g
from NGC 720, adopting a characteristic velocity v0 = 300 km/s [15]. A similar limit
on σ/mX for clusters of galaxies was also suggested in Ref. [15] (based on comparison
of SIDM-only simulations to some LoCuSS clusters [99]). This constraint (not shown) is
weaker due to the larger relative velocity (v0 ∼ 1000 km/s), and would lie between the halo
shapes and Bullet cluster contours in Fig. 2. It is important to emphasize that these halo
shapes bounds are based on SIDM-only simulations without baryons, and we urge caution
not to interpret these limits as strict constraints. These limits (or lack thereof) depend on
how much the rounded inner halos exhibited by SIDM-only simulations are modified by the
aspherical baryonic component, which will be addressed in future work.
• For the Bullet cluster constraint, we require σ/mX . 1 cm2/g for a relative velocity v ≈
3000 km/s [39, 53].4 With the discoveries of other merging cluster systems, combined
analyses of many such objects have the potential to improve this bound further. We consider
the potential reach of a projected constraint σ/mX . 0.1 cm2/g for v ≈ 2000 km/s,
denoted as “Merging clusters.” These limits are shown by the green dot-dashed contours.
• CMB constraints apply to symmetric DM with s-wave annihilation XX¯ → φφ, requiring
mX & 30 GeV if BR(φ → e+e−) ≈ 1 [84]. This is the case for γ kinetic mixing with
mφ ∼ 1 − 100 MeV, while for Z mixing, the bound is weaker by a factor of BR(φ →
e+e−) ≈ 1/7. The CMB exclusion region denoted by the brown hatched boundary.
• The purple solid contours indicate constraints from XENON100 [98] for different ε param-
eters, while the purple short dashed contours indicate the projected XENON1T reach with
2.2 ton·years exposure [50].
4 We do not average σT over a velocity distribution, but rather consider a single fixed relative velocity v.
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FIG. 2: Shaded band shows parameter space region for explaining small scale anomalies in different SIDM
models. Dot-dashed contours show constraints from astrophysical observations on larger scales (region
below is excluded). Sensitivities from XENON100 and XENON1T are shown by solid and short-dashed
contours, respectively, for different ε parameters. Limits from e− recoils in XENON10 are shown by the
long-dashed contour. See text for further details.
We emphasize that the quoted XENON cross section sensitivities assume an isospin-conserving
contact interaction. Here, we modify these sensitivities by the xenon proton (neutron) fraction
for the case of γ kinetic (Z) mixing. We also include a q2-dependent form factor, described in
Eq. (21), since the typical momentum transfer q is comparable to mφ. We take q ≈ 50 MeV for
xenon.
The first benchmark model is the case of symmetric SIDM with a vector mediator φ that couples
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through γ kinetic mixing. The constraints on this model are shown in Fig. 2 (upper left) as a
function of (mX ,mφ). The DM relic density, determined by thermal freeze out, fixes αX ≈
4 × 10−5 × (mX/GeV). Self-interactions are a combination of attractive and repulsive, and the
peak-like features correspond to where scattering is resonantly enhanced. The halo shapes bound
(with excluded regions below the red dot-dashed contour, when taken at face value) is weak due
to the velocity-dependence of the self-interaction cross section. However, the SIDM region below
30 GeV is excluded by CMB. The sensitivity contours for XENON100 and XENON1T are shown
for different values of εγ , excluding SIDM parameter space below the curves.
The second benchmark model shown in Fig. 2 (upper right) is the same as the previous case,
but with φ coupled through Z mixing. The self-interaction observables and relic density are un-
changed. However, the CMB bound is weakened since φ decays predominantly to neutrinos.
Direct detection sensitivities are also affected due to the different couplings, but are quantitatively
similar to the kinetic mixing scenario.
Third, we consider a scenario with asymmetric SIDM, shown in Fig. 2 (lower left), with fixed
αX = 10
−2. For a mediator, we consider a vector φ coupled through γ kinetic mixing. No
resonant features are present since scattering is purely repulsive (no bound states). Also, since
annihilation does not occur, indirect detection signals are absent and the CMB bound does not
apply. Thus, we extend the parameter range to sub-GeV DM masses. The dot-dashed contours
show how constraints from astrophysical observations can constrain the low mass regime (below
the curves is excluded). Outside the range mφ < mX . 300 GeV there is insufficient annihilation
of the symmetric density (hatched region), although larger values of αX allow for larger mX .5 In
addition to the XENON100 and XENON1T contours, we also show the reach for direct detection
via electron recoils for constraining sub-GeV SIDM. The current limits from XENON10 are shown
by the long dashed curve for εγ = 10−4. (For such large values of εγ , the mX & 1 GeV region is
strongly exluded by direct detection via nuclear recoils [56].)
Our final benchmark model is symmetric SIDM with a scalar mediator coupled via Higgs
mixing, shown in Fig. 2 (lower right). The DM relic density fixes αX ≈ 10−4 × (mX/GeV).
Self-interactions are purely attractive. Indirect detection bounds do not apply since annihilation is
p-wave suppressed. DM self-scattering is purely attractive, and large resonant features are evident.
Since annihilation is p-wave, the CMB bound does not apply.
We make several comments on the results shown in Fig. 2:
• The shaded bands show that small scale structure anomalies can be explained for a wide
range of SIDM mass, from sub-GeV to multi-TeV, and the mediator mass is typically in the
∼ 1− 100 MeV range.
• Direct detection limits constrain SIDM above∼ 10 GeV; the exclusion region lies below the
solid (dashed) purple curves for XENON100 (XENON1T). In this regime, self-interactions
are velocity-dependent, and SIDM easily evades the Bullet cluster and halo shapes bounds
from larger scales.
• For DM below 10 GeV, astrophysical constraints from indirect detection and structure ob-
servables are most important for constraining SIDM. In this regime, the self-interaction
cross section is more velocity-independent, and future merging cluster studies will be im-
portant. Direct detection via electron recoils provides another avenue to explore low mass
5 We neglect a narrow parameter strip near mφ ≈ 2mX where resonant s-channel annihilation can occur.
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FIG. 3: Spin-independent direct detection cross section vs DM mass for symmetric (left) and asymmetric
(right) SIDM with a vector mediator φ coupled via kinetic mixing. Shaded band is where SIDM solves small
scale structure anomalies. Dot-dashed curves show astrophysical constraints from larger scales (excluded
region lies above). Short dashed purple curve denotes projected limit from XENON1T for εγ = 10−10. See
text for details.
SIDM, albeit with larger εγ . Direct detection via nuclear recoils is below threshold and
provides no constraint.
• For vector mediator scenarios, ton-scale direct detection experiments will cover almost the
entire SIDM parameter space for mX & 25 GeV, down to the lower bound εγ,Z ∼ 10−10
imposed by BBN. Current experiments have no constraint for εγ,Z ∼ 10−10.
• For a scalar mediator with Higgs mixing, this scenario is almost completely excluded by
XENON100 unlessmX . 5 GeV. This case is more strongly constrained by direct detection
compared the vector mediator case since φ couplings to SM fermions are proportional to
mass. Therefore, the effective φ-nucleon coupling entering direction detection is enhanced
compared to the φ-electron coupling constrained by BBN.
In Fig. 3, we show how SIDM benchmark models map onto the direct detection plane of cross
section vs mass. For simplicity, we focus on the case where the mediator φ is a vector. We assume
kinetic mixing with εγ = 10−10 motivated by BBN constraints. The different panels are for
symmetric DM (left) or asymmetric DM (right), corresponding to the first two benchmarks shown
in Fig. 2 (top left and right). The vertical axis is the spin-independent cross section for scattering
on protons in the q2 = 0 limit. We emphasize that this cross section, however, does not appear in
the direct detection rate by itself but must be multiplied by a form factor taking into account the
finite q2. The short-dashed purple curve shows the sensitivity reach of XENON1T taking q = 50
MeV, while the long-dashed orange curve shows the sensitivity reach of SuperCDMS (SNOLAB)
based on 385 kg · years exposure [100] taking q = 30 MeV. To illustrate the importance of the
q2-dependent form factor, the surrounding band shows how the XENON1T and CDMS limits
change by varying q in the range ±10 MeV, while the corresponding thin countours shows how
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the limits would appear for q = 0. As above, the shaded band shows where SIDM solves small
scale anomalies, while the dot-dashed contours show astrophysical constraints on self-interactions
on larger scales. The hatched boundary shows the CMB exclusion limit on symmetric DM.
VI. CONCLUSIONS
SIDM is a simple and well-motivated scenario that can explain small scale structure anomalies
observed in dwarf galaxies. Self-interactions arise through a 1 − 100 MeV mediator particle
in the dark sector. Requiring that mediator particles decay to SM states before BBN implies a
minimal coupling between DM and the SM, which can be probed in direct detection experiments.
In this work, we have considered three mechanisms for coupling the mediator to the SM and
studied the direct detection implications of SIDM. With a light mediator favored by the small
scale structure of the Universe, SIDM has direct detection features different from usual WIMPs.
Current and future direct detection experiments are sensitive to SIDM candidates, even if the
coupling between two sectors is extremely feeble. SIDM also interacts with target nuclei with
momentum-dependent interactions, which may provide a mechanism to reconcile some of the
recent dark matter direct detection hints [79, 81, 101]. For γ or Z mixing, we found that current
direct detection limits provide no constraint on SIDM if the coupling strength saturates the lower
bound from the cosmological considerations. However, future ton-scale experiments will explore
the entire parameter range for SIDM above ∼ 20 GeV. On the other hand, for Higgs mixing, the
same mass range is already excluded by XENON100. Thus, astrophysical observations and direct
detection experiments complement each other in the search for SIDM candidates.
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